We report near simultaneous multi-color (RIY JHK) observations made with the MAGNUM 2m telescope of the gamma ray burst GRB 050904 detected by the SWIFT satellite. The spectral energy distribution shows a very large break between the I and J bands. Using intergalactic transmissions measured from high redshift quasars we show that the observations place a 95% confidence lower limit of z = 6.18 on the object consistent with a later measured spectroscopic redshift of 6.29 obtained by Kawai et al. (2005) with the Subaru telescope. We show that the break strength in the R and I bands is consistent with that measured in the quasars. Finally we consider the implications for the star formation history at high redshift.
Introduction
The luminosity function of the optical afterglows of gamma-ray bursts (GRBs) extends as bright as an absolute magnitude of M R ≈ −31.5 mag at 1 hour after the GRB in the restframe, and probably even brighter at earlier epochs. Because of this extreme luminosity, they can be detected to great distances and therefore provide an exciting way to find very highredshift galaxies beyond the current upper limits of z ∼ 7 (e.g., Hu et al. 2002; Kodaira et al. 2003) and to map the star formation history at these extreme redshifts in a way which, if not itself unbiased, is at least independent of the properties of the underlying galaxies (Lamb & Reichart 2000) .
Indeed, it was widely expected that the advent of the Swift satellite would produce a large rate of return of very high redshift GRBs (e.g., Bromm & Loeb 2002) . While the predictions appear, in hindsight, to have been somewhat optimistic, the sensitive Swift mission is detecting GRBs at a higher mean redshift of z ∼ 2 ) than previous missions such as HETE-2, BEPPO-SAX and IPN. While this may make the afterglows more difficult to identify, it also gave hope that SWIFT would find sources beyond the most distant-known GRB (z = 4.5; Andersen et al. 2000) . The burst GRB 050904 discussed in this paper does just that, pushing the redshift limit for GRBs beyond z = 6. Hopefully it is just the first of many such detections stretching to still higher redshifts.
High redshift GRBs are easy to distinguish using near IR observations since, because of Lyman-alpha scattering in the intergalactic medium, the flux at observer-frame wavelengths of 1216(1 + z)Å is greatly reduced, becoming almost black at redshifts z > 6 (Becker et al. 2001 ). The mean transmissions as a function of redshift based on quasar observations to z = 6.4 are tabulated in Songaila (2004) , and these can be used to obtain the redshift of a GRB from its colors. However, Swift's Ultra-Violet and Optical Telescope (UVOT) is limited to observations at wavelengths bluer than about 6500Å. For this reason, optical afterglows of GRBs at very high redshifts (z > 6) cannot be detected by the UVOT on Swift, and hence their properties must be characterized using ground-based infrared observations. GRB 050904 was triggered the Burst Alert Telescope (BAT) on Swift at 1:51 UTC on 2005 Sep. 4 and rapidly localized (Cummings et al. 2005) . Fox & Cenko (2005) undertook optical observations in the optical R and i ′ bands starting about 3.5 hours after the GRB, but did not identify any afterglow candidate to reasonable limiting magnitudes. The subsequent identification of a bright afterglow in the near infrared J band led to the interpretation that this was a GRB at very high redshift (Haislip et al. 2005) .
Observations of the afterglow with the MAGNUM telescope began about 12 hours after the GRB ( §2). These observations allow us to generate a spectral energy distribution for the source at that time which yields a strong lower limit on the redshift of z = 6.18. This is consistent with the spectroscopic redshift of z = 6.29 determined by Kawai et al. (2005) , and the limits on the break strengths (R − J) and (I − J) are consistent with the object lying at the spectrosopic redshift ( §3). We describe these observations in the present paper and briefly speculate on the implications for the star formation history of the universe ( §4).
MAGNUM observations of GRB050904
MAGNUM (Multicolor Active Galactic NUclei Monitoring) is a 2 meter telescope on Haleakala built by the Research Center for the Early Universe (RESCEU) at the University of Tokyo and used to study AGN variability (Yoshii 2002) . In order to optimise the efficiency of the monitoring observations, the telescope is operated in a robotic mode using queue scheduling. GRB observations can be performed as soon as a notification is received by inserting the target and overriding the queue.
MAGNUM's principal instrumentation is the Multicolor Imaging Photometer (MIP; Kobayashi et al. 1998 ), a dual-beam optical/NIR camera which covers a 1.5 arcmin square field in the UBV RIY JHK s KL ′ bands (though U observations are difficult, and L ′ infeasible). The instrument, mounted at the Cassegrain focus, uses an internal beam splitter to send the short wavelength light to a 1024 pixel square thinned CCD (though the entire CCD is not illuminated), and the long wavelengths to a 256 pixel square InSb array.
Because the limited field of view of the MIP makes it impractical to observe the 4 arcmin localisations from Swift's Burst Alert Telescope (BAT), we target afterglows discovered by the X-Ray Telescope (XRT) or ground-based follow-up observations in order to characterise their spectral flux distribution, and so attempt to determine a photometric redshift from the Lyα absorption at high redshift. We use a pre-planned sequence of four observations, each consisting of nine individual minute-long exposures with a box dither pattern of 10 arcsec step: RIRI in the optical and HKJY in the NIR. The final images provide an accurate and nearly simultaneous spectral energy distribution for the object. The entire sequence takes about 84 minutes, with an additional 5 minutes before commencing the GRB observations in order to correct the pointing and focus after the slew.
We observed GRB 050904 in this manner between 13:57 and 15:07 UTC on 2005 Sep. 4, or about 0.51 days after the GRB. The final combined images are shown in Figure 1 . Because the only 2MASS source in the field is a galaxy, the images could not be immediately photometrically calibrated. We obtained observations on subsequent nights to obtain IJK calibrations of two stars in the field. The H band was calibrated from the 2MASS galaxy by using a large aperture to measure the entire flux of the galaxy, and applying a measured aperture correction to obtain the flux of the afterglow. The R band was calibrated using SDSS magnitudes for a star in the field, and applying the appropriate transformation (Smith et al. 2002) . The uncertainties in these two non-ideal calibration methodologies do not strongly affect our results, since the R and H measurements are less important than the IJK measurements. The fluxes in µJy with 1 sigma errors are summarized in Table 1 . These fluxes are measured in matched apertures corrected for the image quality, with radii ranging from 1.4 to 1.7 arcsec. The Y band observations are not particularly sensitive, so are not included in our analysis. Since no source is apparent in the RI bands, we measured the flux in the image at the position of the afterglow. Errors were taken as the r.m.s. from zero of the distribution of flux in apertures randomly distributed over empty background regions.
Redshift limits and the break strength
We show the measured spectral flux distribution (SFD) of the source in Figure 2 . There is a substantial break at the I band which places a tight lower limit on the redshift of the source. Because the I band data is consistent with a null detection we cannot place any useful upper limit on the redshift of the source.
In order to obtain the redshift estimate, we fitted a power-law spectrum to the JHK data, obtaining a spectral slope of β = 0.3 ± 0.6, where f ν ∝ ν −β . We then modulated this spectrum with the Lyα and Lyβ transmissions of the intergalactic medium measured by Songaila (2004) in high redshift quasars. The resulting spectrum is shown for z = 6.18 in Figure 2 , where we also show the positions of the I filter. In order to reduce the I band flux to observed value we require z > 6.18 at the 2 sigma level and z > 6.37 at the 1 sigma level. The results are extremely sensitive to the adopted redshift. They are consistent with the redshift range of z = 6.10 +0.37 −0.12 reported by Antonelli et al. (2005) based on similar observations with the VLT and consistent with the spectroscopic redshift of z = 6.29 found by Kawai et al. (2005) .
In Figure 3 we show the break strength between R and J, and between I and J, directly compared with the measured values in individual quasars at these redshifts. The quasar values are measured by comparing a power law fit to the continuum in line free regions of the quasar to the directly measured flux in the I band (Songaila 2004) . The R band provides a weaker constraint than the I band but would still place the GRB at z > 6.1.
Discussion
Observations of high redshift GRBs can be used to infer the cosmological star formation history either by searches for the host galaxy or by translating the GRB rate to a star formation rate. The most direct method is to assume that the rate of GRBs as a function of redshift is a simple measure of the rate of formation of high-mass stars and hence of the total star formation rate. In order to make such an interpretation, we need to calibrate the GRB rate versus the star formation history at lower redshifts, and it will always be subject to the Fig. 1. -Images of GRB 050904 (circled object) in the RIY JHK bands respectively. Each image is 1.2 arcmin on a side. The detector response is poor at Y and the failure to detect the afterglow at this wavelength is not significant. .60, and may be treated as simultaneous -any correction to the fluxes for the decay of the afterglow over the course of the observations would be smaller than the measurement errors (0.15 mag, using a temporal decay index of 1.2; Haislip et al. 2005) . These measurements are not corrected for the relatively small foreground Milky Way extinction. The dashed line shows the expected SFD of the object at a redshift of z = 6.18 (our 2 sigma lower limit on the redshift) based on a power law fit to the longer (JHK) wavelengths, modulated by the measured transmission of the intergalactic medium below the redshifted Lyman alpha position computed using the measurements of Songaila (2004) . assumption that the fraction of massive stars forming GRBs and the initial mass function of the stars remain invariant at the higher redshifts (e.g. Porciani & Madau 2001; Lamb & Reichart 2000; Bromm & Loeb 2002; Natarajan et al. 2005 ).
Prior to GRB 050904 twelve spectroscopic redshifts had been measured for Swift GRBs, of which nine lie beyond z = 1. Eight of these nine would still have been detected above the Swift BAT threshold of 0.2 ph/cm 2 /s if they had lain at z = 6.29. A more detailed analysis would include a proper analysis of all the bursts with and without redshifts to determine which might plausibly have been identified if followed up in the same way as GRB 050904. However, such an analysis is not justified at the present time, given the significant small number uncertainties in the data. Here we make the simple assumption that the eight GRBs summarized in Table 2 represent the low redshift counterparts of GRB 050904 detected over the same period of Swift observations, which indicates that the efficiency of detecting GRBs at z = 6.29 is near unity, compared to GRBs at lower redshifts. For each GRB we give the redshift, the observed peak flux and the value of the peak flux if the source had been at z = 6.29.
The relation between the star formation history and the GRB rate has been derived by a number of authors (e.g. Porciani & Madau 2001; Lamb & Reichart 2000; Bromm & Loeb 2002; Natarajan et al. 2005) . At z > 1 where the effects of the cosmological constant are negligible, the number of gamma ray bursts per unit redshift, dN/dz, in a given observing time interval is simply related to the star formation rate per unit comoving volume, ψ, by the function A[(1 + z) −2.5 − 2(1 + z) −3 + (1 + z) −3.5 ] where the normalizing factor, A, is assumed to be independent of z.
In Figure 4 we compare the shape of the star formation rate determined from the Swift GRBs with color-selected galaxy determinations of the star formation rate over the same redshift range taken from the paper of Bunker et al. (2004) . We have set A = 0.005 M ⊙ Mpc −3 to match the observations at z = 3. Within the wide uncertainties left by the small number of statistics, the current values cannot differentiate between the slow decline seen in the color selected galaxies and a flat star formation rate with redshift. However, it is clear that as the sample size increases we should be able to make a valuable comparison. The GRB determinations are more powerful in some ways, since they relate to all star formation including those in lower luminosity galaxies than can be directly detected at the present time. This holds promise that future identifications of z > 6 GRBs will enable a complete measurement of the star formation rate density at very high redshift. 
Note. -The sample is limited to Swift GRBs at z > 1. The peak fluxes are in ph/cm 2 /s, measured in the 15-350 keV band. References: (1) Prochaska et al. (2005) ; (2) 
Summary
In the present paper we have described the observations of GRB 050904 with the MAG-NUM telescope. These observations place a strong lower limit on the redshift of z = 6.18 consistent with the spectroscopic redshift of z = 6.29 measured by Kawai et al. (2005) . We also gave a simple discussion of the star formation rate history from z = 1 − 7 based on the current Swift GRB observations showing that within the still broad uncertainties, the observations point to a flat or a slowly declining star formation rate consistent with color selected galaxy observations. GRB 050904 is an exciting precursor to further high redshift GRBs which should allow us to refine the star formation analysis and to study the properties of the intergalactic medium at these redshifts through color break and spectroscopic techniques.
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